Abstract. Sugashima Island has the largest community of Buxus microphylla in Japan and a unique flora of several serpentine-associated plants. We determined the concentrations of metals (iron (Fe), manganese (Mn), zinc (Zn), copper (Cu), cobalt (Co), nickel (Ni), chromium (Cr) and strontium (Sr)) and macro elements (potassium (K), calcium (Ca) and magnesium (Mg)) in 75 plants inhabiting this area and considered the key to their adaptation to the high-metal environment. The soil showed typical serpentine characteristics of high Ni, Cr, Co and low Ca : Mg quotient, and the soil pH (H 2 O) ranged from 6.2 to 8.6. Buxus microphylla had the highest Ni concentration (400 mg kg -1
Introduction
Most of the serpentine soils of Japan occur in two wide areas. One is the central mountain range of Hokkaido (the northern and second largest island of Japan), which includes the Kamuikotan and Hidaka metamorphic belts, and the other is situated on the median tectonic lines of Honshu, Shikoku and Kyusyu, which run between the Ryouke and Sanbagawa metamorphic belts (Hashimoto et al. 1970) . There are several serpentine outcrops in central Japan (Mizuno et al. 2009 ) and on Mount Asama and Sugashima Island located in Mie Prefecture (Fig. 1a) . Sugashima Island is on the Ise Gulf, and faces Mount Asama across the port of Toba. Ultramafic serpentine rocks occur throughout the western region of the island (Fig. 1b) . The country rock comprises a hornblende-poor component (Unit I) that mainly consists of dunite, peridotite, plagioclase peridotite, and a hornblende-rich component (Unit II) that comprises olivine hornblendite, hornblendite, hornblende gabbro and clinopyroxene-hornblende gabbro (Nakamura 1971) . In this region, Pinus thunbergii (Pinaceae) and Buxus microphylla (Buxaceae) form the dominant flora (Kitamura and Momotani 1952) . Yamamoto et al. (2001) reported the existence of two serpentine communities (Pinus densiflora (Pinaceae)-Rhododendron sanctum var. sanctum (Ericaceae) community and the Quercus phillyraeoides (Fagaceae) community) and eight serpentine-associated plants (B. microphylla, R. sanctum var. sanctum, Enkianthus perulatus (Ericaceae), Thymus quinquecostatus (Labiatae), Schoenus apogon (Cyperaceae), Salvia isensis (Labiatae), Melica nutans (Poaceae) and Brachyelytrum japonicum (Poaceae)). Among these, R. sanctum var. sanctum is considered to be a serpentine-endemic plant in central Japan (Horie 2002) . Salvia isensis is also a serpentine-endemic plant, with a few populations inhabiting some non-serpentine areas in the Aichi Prefecture (Kitamura 1993) .
High Ni toxicity, low Ca : Mg quotient and low nitrogen (N) and phosphorus (P) nutritional status influence the ecology of plants growing on serpentine soils (Brooks 1987; Roberts and Proctor 1992; Brady et al. 2005; Rajakaruna and Boyd 2009; Harrison and Rajakaruna 2011) . In addition, the high pH of serpentine soils may bias the plant community composition towards the presence of alkalophilic plants and the absence of acidophilic plants. The alkaline factor distinguishes serpentine soils from other soils in Japan, where the mean soil pH is 5.1 (Takahashi et al. 2001) . Furthermore, soil pH in Japan is decreasing as a consequence of the strongly acidic rainfall and wet climate (1718 mm year -1 ; Environmental Research and Control Center 1990). We speculate that plants growing on serpentine soil are affected by acidification via wet deposition, which increases the solubility of heavy metals in the soil. Under these conditions, maintaining metal homeostasis, especially Fe homeostasis, becomes difficult for plants because Ni 2+ can be absorbed through the plant roots via the Fe 2+ -transport pathway (Mizuno et al. 2005; Nishida et al. 2011) . To conserve serpentine habitats in the face of environmental change, knowledge of their chemical characteristics and plant survival strategies is important. However, this knowledge of the plants growing on serpentine soils in central Japan is limited. Our aim was to measure the metal and macro-element concentrations and to determine their interactions on the flora and the serpentine soils on Sugashima Island. The data were used to determine metal-accumulation patterns, and to provide further understanding of the adaptive strategies employed by these plants. 2 ) is located in Mie Prefecture of central Japan. The areas of serpentine soil are protected within the Ise-Shima National Park. Plant and soil samples were collected from the roadside between October 2010 and November 2011. Seven soil samples from below the O horizon (from~10-20-cm depth) were collected along the road between the fishing harbour and the quarry (Fig. 1b , Nos 2, 4-9), and three soil samples were collected from the woody areas of Mount Ooyama between the mountain peak (No. 1) and Climb Lane (No. 3), and one soil sample was collected from a field next to the seashore (No. 10). From these sites, we collected the entire, or a portion of the, aboveground biomass of small herbs, the leaves of larger plants and also flowers if they were present in an amount sufficient for further metalconcentration analysis (0.5-5 g dry weight). We generally collected one plant per taxon (six taxa were collected with more than one sample). The plant names and the authorities are listed in Table 1 . For identification purposes, we used mainly illustrations of Japanese plants in works by Kitamura and Murata (1957, 1961; 1971 , 1979 and Makino (2008) , with further references and verifications by high-quality images on the internet. The Plant List (http://www.theplantlist.org/, accessed September 2014) was referenced for names and nomenclature of identified plants.
Materials and methods

Soil and plant sampling
Mineral-concentration analyses
Plant samples were initially soaked in tap water to remove soil, rinsed twice with distilled water and dried at 77 C for 2 days. They were powdered with an electric coffee mill, and kept in dry condition in desiccators. Three independent subsamples of dried plants (0.1-0.8 g dry weight) were each mixed with 10 mL of concentrated HNO 3 (13.0 mol L À1 ) and left to soak overnight to digest. The following day, samples were heated to 80 C for 8-12 h and cooled overnight. Volumes of 1 mL of HNO 3 and 2 mL of 300-355 mg mL À1 H 2 O 2 were added to the samples, which were then heated at 120 CÀ140 C to reduce the volume. The resulting digests were diluted to 25 mL with 20 mg mL À1 HNO 3 and filtered through No.5 filter papers. The concentrations of K, Ca, Mg, Fe, Mn, Zn, Cu, Co, Ni, Cr and Sr in the 81 (Â3) plant-sample solutions of the 75 plant taxa were determined by inductively coupled plasma-atomic emission spectrometry (ICP-AES; ICPS-7500, Shimadzu Corporation, Kyoto, Japan). For each plant, data are shown as the average of the three replicates.
Soil samples were dried in a glasshouse for 3 days and sieved through a stainless steel mesh (200 Â 45 mm, 1 Â 1 mm mesh). A quantity of 0.2 g of dried soil was digested with 1 mL of concentrated HNO 3 and 5 mL of 600-620 mg mL À1 HClO 4 , then diluted to 20 mL and filtered. Total metal concentrations of soil at each sampling point were determined by ICP-AES. The exchangeable metal concentrations extracted with 1 mol L À1 CH 3 COONH 4 were also determined. Both soil analyses were performed in triplicate, and data are shown as the average of the 
Statistical analysis
A correlation analysis was performed on the elements in the soil and plant samples, using Pearson's chi-square method and the SPSS statistical package (SPSS ver. 22.0, IBM Japan, Tokyo). P-values of <0.01 were considered to be statistically significant.
Results
Properties of Sugashima Island serpentine soil
The properties of the soils sampled are summarised in Table 2 . The pH (H 2 O) values ranged from 6.2 to 8.6, and were highly correlated with the total Mg concentrations of each soil (r = 0.89, P = 0.01). The highest total Ni concentration in the soils (4520 mg kg À1 ) occurred near the entrance to Climb Lane, where serpentine rock outcropped along the road. The average total Ni concentration of the soils was 2160 mg kg
À1
. In contrast, exchangeable Ni concentrations were low and ranged from 1.81 to 11.5 mg kg
. It is typical for serpentine soils (Brooks 1987; Roberts and Proctor 1992; Brady et al. 2005; Rajakaruna and Boyd 2009; Harrison and Rajakaruna 2011) , and soils from Sugashima Island, to contain high concentrations of Cr and Co. When compared with 'normal' soils (Asami 2001) , concentrations of Ni, Cr and Co were 116, 62.8 and 45.8 times higher in the Sugashima Island soils, respectively. Furthermore, typical characteristics of low Ca (0.645-fold) and high Mg (14.8-fold) were recognised, resulting in 30-fold higher Mg : Ca quotients (mean 10.1) than in 'normal' soils (average 0.33). Other differences between our results and 'normal' soils were the very low fractions of K and Sr (0.037-fold and 0.043-fold compared with 'normal' soils, respectively), low Fe (0.345-fold) and high Mn (5.42-fold). The relationships between total Ni concentrations and other metals in soil samples are presented in Fig. 2 . The concentrations of total Ni were positively correlated with Fe (r = 0.92, P < 0.001) and Cu (r = 0.83, P = 0.003), and were negatively correlated with Ca (r = À0.77, P = 0.009).
Serpentine ecology of Sugashima Island
Sugashima Island has the largest natural community of B. microphylla in Japan (Kitamura 1993) . We observed this plant to be dominant throughout the serpentine area, especially around areas of high soil Ni concentration (Table 2) . Buxus microphylla was rarely found in areas of non-serpentine soil.
Other trees, such as Q. phillyraeoides, also formed dominant colonies in several areas of serpentine soil, and P. thunbergii frequently occurred near the seashore. We collected plants from 75 taxa (51 herbaceous plants, 18 trees and 6 ferns). Among them, the Asteraceae (14 taxa) was the most abundant family represented, followed by Rosaceae (4 taxa) and Lamiaceae (3 taxa) ( Table 1) . We did not find any Brassicaceae in our study area. Among the eight serpentine-associated plants (Yamamoto et al. 2001) , four taxa (B. microphylla, T. quinquecostatus, S. isensis and R. sanctum var. sanctum) were collected for analysis. Viola grypoceras f. variegata (Violaceae), a variety of V. grypoceras having red-coloured leaf veins, was dominant in areas with high Ni concentrations, particularly in spring. Many flowers of S. isensis could be observed from early summer onward. A prostrate taxon of thyme, T. quinquecostatus, occurred in relatively large colonies on rocky outcrops with high Ni concentrations in the soil (Fig. 1b, Nos 4 
and 5).
Ni accumulation in plants on Sugashima Island
The average Ni concentration in Sugashima Island plants was 20.3 mg kg À1 dry weight (Fig. 2) , which is 10.5-fold the average value for plants inhabiting non-serpentine soils in Japan (Table 3) . Among the plants we collected, B. microphylla had the highest average concentration of Ni (471 mg kg À1 dry weight), and one sample had 700 mg kg À1 dry weight Swertia japonica (Gentianaceae) and one of the three samples of V. grypoceras f. variegata accumulated >100 mg kg À1 dry weight of Ni (Fig. 3) . Another two taxa, T. quinquecostatus and Lysimachia mauritiana (Primulaceae), showed Ni accumulation of >50 mg kg À1 dry weight. Table 3a shows the mean concentrations and other data of 11 elements in plants from Sugashima Island. When compared with the mean values for plants from non-serpentine soils in Japan, the concentrations of Cr and Co were high (4.5-fold and 2.5-fold, respectively), reflecting the high concentrations of these elements in the soil. In contrast, the average Mg concentrations were similar, and the K concentrations were on average 0.7-fold those of plants from non-serpentine soils in Japan, although the Mg and K concentrations in Sugashima serpentine soils were 15-fold and 0.04-fold those of plants from non-serpentine soils, respectively. The average Fe concentration in the plants was 3-fold higher than that of normal plants, although the Fe concentration in the serpentine soil was relatively low (0.35-fold that of non-serpentine soil). In contrast, the Mn concentrations in the plants were <0.2-fold the average concentration of non-serpentine plants, although the Mn concentrations in the serpentine soils were 5.4-fold greater than those in non-serpentine soils. Other metals (Ca, Zn, Cu and Sr) were 0.1-0.5-fold those of non-serpentine plants.
Accumulation of other elements in plants from Sugashima Island
Unlike the high concentrations of Ni in B. microphylla, three serpentine-associated plants and two of the trees that were found to be abundant in this area, Q. phillyraeoides and P. thunbergii, did not show any characteristic metal-accumulation patterns. In contrast, S. japonica, which accumulated the second-highest concentrations of Ni, also recorded the highest Fe, Cr and Co accumulations among the 75 taxa collected. In particular, its Fe and Co concentrations were extremely high compared with those in the other samples. Dendropanax trifidus (Araliaceae) accumulated the highest Mn and Zn concentrations, and reached high Mn-accumulator levels. No characteristic accumulation patterns of other metals were recognised in the plants we collected.
Correlation between Ni and other metal concentrations in plants
Nickel was significantly correlated only with Fe (r = 0.39, P = 0.001; Fig. 4a ). A plot of these concentrations is presented (Fig. 4b) , and shows that the data for B. microphylla are most distant from the correlation line, compared with the other four high Ni-accumulating plants that showed strong correlation for Fe and Ni. These outliers could affect the results; thus, we calculated the correlation between Fe and Ni without these high data points. As a consequence, the other 70 plants were also correlated significantly (r = 0.44, P < 0.001), indicating that a high Fe-Ni correlation was a shared characteristic of the plants on Sugashima Island.
Discussion
Among the serpentine-soil locations shown in Fig. 1a , the flora of Mount Asama is similar to that of Sugashima Island, and known as a habitat of R. sanctum var. sanctum. Two other serpentine soil locations, Tugeno (Shinshiro City, Aichi Prefecture) and Mount Ryumon (Kinokawa City, Wakayama Prefecture) were also recognised by the dominant flora of B. microphylla (Tsugeno means 'field of B. microphylla'), even though the floras of these areas are not similar to those in Mie Prefecture, with different soil heavy-metal composition (e.g. mean Ni concentration was 2160, 1260 and 648 mg kg -1 in Sugashima Island, Tugeno and Mount Ryumon, respectively) and a different climate (Mizuno and Hori., unpubl. data) . In this present preliminary work, we report, for the first time, the elemental composition of plants from serpentine soil in this area.
Sugashima Island has no large industry, no convenient transport system nor tourism; hence, we seldom met any other people when visiting the serpentine area. This area has been conserved from human activity, and its ecology has not been observed to change, at least during the present decade. Similar to the previous study performed in the area by Yamamoto et al. (2001) , we found Asteraceae to dominate the area. This tendency was also pointed out by Kitamura (1993) . He suggested that the species of Asteraceae have a superior ability to adapt to serpentine soils. However, we performed five of the eight samplings in early to late autumn (October and November 2010; September, October and November of 2011), and by concentrating the sampling period in autumn (when many species of Asteraceae are in flower) may have biased the number of plant taxa collected. We should defer any discussion of the dominance of the Asteraceae in this area until further research and plant sampling in summer have been performed.
Horie had an extensive research on the serpentine flora in the Hokkaido area of Japan over 40 years, and he reported the chemical compositions of the plants that he sampled in this area (Horie 2002 , summarised in English by Mizuno et al. 2009) . He compared the chemical properties of two plant groups, serpentine-soil endemic plants and plants inhabiting both serpentine and calcareous soil. He pointed out that the serpentine-endemic plants maintained their Ni concentrations at low levels, in contrast to the common plants of serpentine and calcareous soils that accumulated relatively high Ni, and that serpentine-endemic plants repressed Ni toxicity by active Fe accumulation up to >10-fold the concentration of Ni. Repression of Ni accumulation was also recognised in a serpentine-endemic plant R. sanctum var. sanctum on Sugashima Island, in contrast to the high Ni accumulation in V. grypoceras f. variegata and T. quinquecostatus, which inhabit various calcareous soils in Japan. Similar to the findings by Horie (2002) , we found that plants on Sugashima Island also had high correlation between total Fe and Ni concentrations (Fig. 4b, c) . This may be a reflection of the strong correlation between soil Fe and Ni concentrations, but we suggest that this is a result of induced Fe deficiency triggered by high Ni accumulation, as demonstrated with Arabidopsis thaliana in our previous work (Nishida et al. 2012) . In contrast, the high Ni accumulation without high Fe accumulation of B. microphylla was recognised as a remarkable characteristic of the Sugashima Island plants. On the basis of the previous suggestion, B. microphylla does not receive significant Ni stress and is free from active Fe accumulation. Although the reason of this speciality is not clear, some characteristics of this plant, such as its preference for alkaline soils, a very slow growth rate and hard ligneous tissues, could be relevant.
The highest accumulation of Fe, Cr and Co occurred in S. japonica and the highest accumulation of Mn and Zn in D. trifidus. However, we could find only one sample in 2010, and did not find any specimens during the subsequent collection season (October-December 2012). To avoid the possibility that soil had contaminated the D. trifidus samples, the metalaccumulation ability of this plant can be discussed only after further investigation. In the Araliaceae family, a Mnhyperaccumulator Chengiopanax sciadophylloides (Mizuno et al. 2013 ) and a strong Cd-, Zn-and Mn-accumulator Gamblea innovans (Takada et al. 1994; Takenaka et al. 2009 ) have been reported. Members of the Araliaceae may have strong metal-uptake and -accumulation abilities. We collected a sample of P. americana, which has been reported to be a Mn hyperaccumulator (Pollard et al. 2009 ); however, its Mnaccumulation level was below average.
In the present work, we have reported 75 taxa of the current serpentine flora of Sugashima Island, and clarified some of their chemical characteristics for the first time. Our data suggest the importance of Fe acquisition in resisting Ni toxicity, and provide a new potential mechanism to explain why B. microphylla, with a very high metal-accumulation pattern, is the dominant species on the island. The southern half of the serpentine flora on Sugashima Island has been destroyed by quarrying since the past century, and the remaining flora is also threatened by climate-change influences such as acidic rainfall and changing thermal regimes. We need further research on the specificity, rarity and fragility of serpentine plants, so as to provide further information to encourage the relevant agencies to protect these precious species, particularly the serpentine-endemic or highly restricted serpentine plants located on this island.
